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Abstract—Currently, open circuit Bayer refineries pump 
seawater directly into their operations to neutralise the 
caustic fraction of the Bayer residue. The resulting 
supernatant has a reduced pH and is pumped back to the 
marine environment. This investigation has assessed 
modified seawater sources generated from different ion 
filtration processes to compare their relative capacities to 
neutralise bauxite residues.  An assessment of the chemical 
stability of the neutralisation products, neutralisation 
efficiency, discharge water quality, bauxite residue 
composition, and associated economic benefits have been 
considered to determine the most preferable seawater 
filtration process based on implementation costs, savings 
to operations and environmental benefits.  
 
The mechanism of neutralisation for each technology was 
determined to be predominately due to the formation of 
Bayer hydrotalcite and calcium carbonate, however 
variations in neutralisation capacity and efficiencies have 
been observed. The neutralisation efficiency of each feed 
source has been found to be dependent on the 
concentration of magnesium, aluminium, calcium and 
carbonate. These studies have revealed that multiple 
neutralisation steps occur throughout the process.  
 
Environmental, economic and social advantages and 
disadvantages of the different filtration technologies have 
been explored to determine the most sustainable method 
for the neutralisation of bauxite residues. The relative 
degree of “green” associated with nanofiltered seawater 
and reverse osmosis filtered seawater are discussed. 
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I.  INTRODUCTION 
The alumina industry produces one of the largest industrial 
waste streams (bauxite residue – red mud), estimated to have 
generated around 3 billion tons of residue globally (2010) with 
an additional 120 million tons per annum continuing to be 
produced [1, 2]. Bauxite residue is produced by the Bayer 
process, which involves the digestion of bauxite ore using 
highly caustic solutions at elevated temperatures and pressures 
to form a solution of sodium aluminate and an insoluble 
residue (red mud). This highly complex waste product is being 
produced in huge volumes; 0.3 to 2 tons of red mud per ton of 
alumina depending on: 1) aluminium content in the ore, 2) type 
of aluminium oxide/hydroxide, and 3) temperature and 
pressure conditions [2]. The resultant waste stream is classified 
as a “hazardous material” under the Basel Convention [3]. Due 
to the complexity and classification of bauxite residue, 
numerous researchers from a variety of fields are trying to 
utilise the waste to minimise environmental and social impacts 
caused by tailings dams and the associated costs of building 
and maintaining storage facilities (more than $80 million a 
year) [4].  
 
These residues are highly alkaline and contain an array of 
inorganic and organic species with potentially harmful 
environmental effects. The alkalinity of the residue exists in 
both solid and solution as: 1) entrained liquor (sodium 
hydroxide, sodium aluminate and sodium carbonate), 2) 
calcium compounds, such as hydrocalumite, tri-calcium 
aluminate and lime, and 3) sodalite ((NaAlSiO4)6(Na2X), 
where X can be SO42-, CO32-, Al(OH)4- or Cl-) [5]. To achieve 
“full” neutralisation, all of these species need to be 
neutralised, however this is not achieved in normal operation 
conditions due to slow kinetic reactions involving calcium and 
silica compounds and as such inclines in pH have been 
observed in neutralised bauxite residues.  
 
Current environmental management programs along 
coastal areas of Australia involve the neutralisation of alumina 
wastewater through the addition of seawater, which produces a 
precipitate known as Bayer hydrotalcite 
(Mg6Al2(OH)16CO3·4H2O) [6]. Hydrotalcite is a layered 
mineral with positively charged Mg-Al-OH layers and 
charged-balanced through the intercalation of anionic species 
(in particular carbonate). The formation of hydrotalcite has a 
dual purpose in the seawater neutralisation process: 1) reduces 
the alkalinity of the entrained liquor in the residue and 2) 
removes metals, metalloids and anionic species. The seawater 
neutralisation process can reduce the alkalinity of the residue 
to safe limits for discharge [7, 8] into tailings dams and for 
reuse in a number of applications, however up to 20 seawater 
equivalents per bauxite residue is required to achieve “full” 
neutralisation [9]. This increases infrastructure requirements, 
productivities, discharge volumes and the burden of the 
alumina industry on the environment.  
 
The reactive species in seawater for the neutralisation of 
bauxite residues are magnesium (hydrotalcite formation) and 
calcium (calcium carbonate formation), therefore increasing 
the amount of these ions in seawater would reduce the overall 
volume required to achieve neutralisation. Bauxsol is 
produced when seawater brines are used to neutralise bauxite 
residues [10-15], but a consequence of using brines is a high 
salt content that requires washing for reuse applications, such 
as land reclamation. Nanofiltration technology solves the 
problem of additional washing (waste reduction) because 
nanofiltration membranes allow mono-valent ions to pass 
through (such as sodium and chloride), while trapping divalent 
species in the retentate (magnesium and calcium). Thus, 
nanofiltration increases the reactivity of seawater whilst 
maintaining a salt content similar to that of the untreated 
seawater.  
 
This study is an extension of the work previously conducted 
by Taylor et al., [16] which focused on the engineering aspects 
of using nanofiltered seawater. The aims were to determine 
the extent to which seawater could be concentrated using NF 
membranes before scaling commenced or before the osmotic 
pressure became excessive. In addition, it also involved a 
comparative reactivity of seawater and seawater NF 
concentrate in order to gain an understanding of the equipment 
capacities required and capital reduction benefits that could 
reasonably by anticipated by alumina refiners. This 
investigation focuses on the chemical processes involved and 
provides an assessment of alternative seawater sources for the 
neutralisation of bauxite refinery residues. The mineral 
composition, stability and mechanisms involved in the 
neutralisation of Bayer liquor will be examined, followed by a 
statement on the environmental, social and economical 
implications of each technology on the alumina industry.  
 
II. EXPERIMENTALS 
A. Preparation of seawater sources 
Seawater (SW) was collected February 2013, 200m off 
shore from the north wall of Hillarys Marina north of Perth 
(Western Australia) at a depth of 4m. Seawater was pre-
filtered using 5 µm cartridge filters before membrane 
filtration.  
 
A portion of this seawater was then processed by 
nanofiltration (NF) in order to double the concentration of 
magnesium and calcium cations, while maintaining the same 
concentration for all other ions in seawater. Nanofiltered 
seawater was prepared using a 4” diameter spiral wound DK 
membrane from GE Power and Water at a constant pressure of 
2500 kPa and flux of 30 Liter/m2/h (LMH). Magnesium and 
calcium were concentrated in the reject stream until a volume 
recovery of 70% was reached. 
 
Another portion of seawater was then processed by reverse 
osmosis (RO) using a 4” diameter spiral wound CSM 40-40-
SHM seawater membrane. The pressure was increased 
gradually to maintain a flux of 20 LMH. A maximum recovery 
of 50% was reached at 60 bar.  
 
Concentrations of sodium, magnesium and calcium for each 
type of seawater are provided in Table 1.  
 
B. Neutralisation experiments 
Neutralisation products were collected throughout the 
neutralisation process in order to establish the mechanism and 
stability of precipitates. These experiments were conducted 
using a titration addition method, whereby each seawater 
source was added to 25mL of Bayer liquor (5.9g/L –Al2O3, 
35.7g/L NaOH, 4.8g/L Na2CO3) until a pH of 9.25 was 
reached. The pH was monitored using a TPS pH meter and 
Sentek high alkaline laboratory probe (calibrated using buffer 7 
and 10). Samples were then centrifuged using a Centurion 
Scientific C2 Series centrifuge for 5 minutes at 2500rpm. The 
liquid portion was transferred into a sample container, while 
the solid component was washed with 150mL of deionised 
water before being centrifuged again. The solid component was 
placed in the oven overnight to dry (90°C) and then crushed to 
a fine powder using a Fritsch planetary agate ball mill. 
 
C. Characterisation techniques 
X-Ray diffraction patterns were collected using a Philips 
X'pert wide angle X-Ray diffractometer, operating in step scan 
mode, with Cu K radiation (1.54052 Å). Patterns were 
collected in the range 3 to 90° 2 with a step sise of 0.02° and a 
rate of 30s per step. Samples were prepared as Vaseline thin 
films on silica wafers, which were then placed onto aluminium 
sample holders. The Profile Fitting option of the software uses 
a model that employs twelve intrinsic parameters to describe 
the profile, the instrumental aberration and wavelength 
dependent contributions to the profile.  
 
Solutions were analysed using a VISTA-MPX CCD 
simultaneous ICP-OES instrument that had been diluted by a  
factor of 2 using a Hamilton Diluter. A certified standard from 
Australian Chemical Reagents (ACR) containing 1000ppm of 
aluminium, calcium, magnesium,  and  sodium was  diluted to 
 
 
 
 
 
 
 
 
 
form a multi-level calibration curve and an external reference 
that was used to monitor instrument drift and accuracy of the 
results obtained. Results were obtained using an integration 
time of 0.15 seconds with 3 replications. Wavelengths used 
were as follows: Al (396.152), Ca (422.673), Mg (285.213) 
and sodium (589.592).  
 
Infrared spectra were obtained using a Nicolet Nexus 870 
Fourier Transform infrared spectrometer (FTIR) with a smart 
endurance single bounce diamond ATR (attenuated total 
reflectance) cell. Spectra over the 4000-525 cm-1 range were 
obtained by the co-addition of 128 scans with a resolution of 4 
cm-1 and a mirror velocity of 0.6329 m/s.  
III. RESULTS AND DISCUSSIONS  
A. Mineralogical analysis 
There are 4 common phases observed in the X-ray 
diffraction patterns (Fig. 1) of all seawater precipitates formed 
between pH 13 and 9.5: hydrotalcite 
(Mg6Al(OH)16CO3·4H2O), calcite (CaCO3 – rhombohedra), 
aragonite (CaCO3 – orthorhombic) and halite (NaCl). 
Numerous works on the seawater neutralisation process has 
reported the formation of these phases [7, 17-22]. Another 
common phase reported in the neutralisation of bauxite 
refinery residues is hydrocalumite (Ca2Al(OH)6Cl·2H2O) [18, 
20], however this mineralogical phase has not been observed. 
Precipitates collected at pH 12.5 show an additional phase 
attributed to Mg2Al(OH)7. At pH 10, this mineralogical phase 
is no longer visible in the XRD pattern indicating it 
dissociated as the pH decreased (Equations 1-3 describe the 
rapid dissociation processes involved). It is likely that these 
dissociation species are used up almost immediately for the 
formation of additional hydrotalcite.  
 
Equation 1: Mg2Al(OH)7(s) → 2Mg(OH)2(s) + Al(OH)3(s) 
Equation 2: Mg(OH)2(s) → Mg2+(aq) + 2OH-(aq) 
Equation 3: Al(OH)3(s) + 2OH-(aq) → 2Al(OH)4-(aq) 
 
Further confirmation of the instability of Mg2Al(OH)7 is 
shown by a shift in intensity of the 2 water infrared 
deformation modes (1640 and 1585 cm-1), assigned to 
hydrotalcite and Mg2Al(OH)7 respectively, as the pH 
decreases (Fig. 2). At high pH, there is a significant amount of 
hydrogen bonding associated with Mg2Al(OH)7 (1585 cm-1). 
As the dissolution of Mg2Al(OH)7 occurs at lower pH and 
hydrotalcite forms in its place, the band at 1585 cm-1 
decreases, while the band at 1640 cm-1 increases. This 
confirms the formation of additional hydrotalcite after the 
dissolution of Mg2Al(OH)7. Hydrotalcite shares a common 
band  at   1585  cm-1   due  to  the  similarity  of  the   bonding  
environment of Mg-Al-OH layers in hydrotalcite and 
 
 
Figure 2: Infrared spectra of seawater neutralised bauxite refinery 
residue liquor. 
 
 
Figure 1: XRD pattern of seawater neutralised bauxite refinery 
residue precipitates. 
Table 1: Seawater compositions using ICP-OES (Na+, Mg2+, Ca2+ - ppm) 
 
Seawater 
Description 
Concentration (ppm) 
Na+ Mg2+ Ca2+ 
Seawater 12532 1425 468 
RO - Seawater 23940 2788 981 
NF - Seawater 14520 4450 1427 
Mg2Al(OH)7, which results in the band remaining at low pH. 
 
B. Elemental analysis 
The driving force behind the neutralisation of bauxite 
refinery residues is the formation of hydrotalcite 
(Mg6Al2(OH)16(CO3)·4H2O) and calcium carbonate (CaCO3). 
Therefore, the species participating in the neutralisation 
process are aluminium (Al3+), magnesium (Mg2+), calcium 
(Ca2+), carbonate (CO32-) and hydroxyl units (OH-). ICP-OES 
has been used to monitor the concentrations of the ions in 
solution and noticeable trends have been observed (Fig. 3).  
The formation of hydrotalcite can be clearly observed by the 
continual reduction of aluminium (aluminate in Bayer liquor) 
and absence of magnesium (seawater containing Mg2+ 
required for the formation of hydrotalcite) as seawater is 
added. It is no surprise that the formation of hydrotalcite has a 
significant effect on the neutralisation process as 16 OH- are 
required for every mole of hydrotalcite produced. The 
intercalation of carbonate contributes to the overall reduction 
in carbonate alkalinity as well, particularly at high pH where 
the dissolution of CO2 forms a saturated carbonate solution [8, 
 
Figure 3: ICP-OES analysis of Al3+, Mg2+, Ca2+ of seawater neutralised Bayer liquor 
 
 
Figure 4: Conductivity and pH of the seawater neutralisation of bauxite refinery residue liquors. 
  
Figure 5: Neutralisation of bauxite refinery residue liquor using seawater, nanofiltered seawater and reverse osmosis seawater. 
23]. The reaction for the 3:1 hydrotalcite is summarised in 
Equation 4. The formation of hydrotalcite is highly pH 
dependent with the 2:1 (Mg4Al2(OH)12(CO3)·4H2O)  forming 
at pH values above 12, the 3:1 (Mg6Al2(OH)16(CO3)·4H2O) 
forming between 10 and 12, and the 4:1 
(Mg8Al2(OH)20(CO3)·4H2O) forming between 10 and 8 [8]. 
Due to the vast pH range of the neutralisation process 
hydrotalcite forms as a mixture but generally gives an average 
Mg:Al ratio around 3:1 [24]. Results for seawater addition 
have shown that a hydrotalcite with a Mg:Al ratio of 2.6:1 
forms initially, however as the pH decreases and the amount 
of Mg2+ in solution increases the Mg:Al ratio increases to 
3.2:1 (pH 9.11). The final precipitate formed will have a 
mixture of Mg:Al ratios, however the average Mg:Al ratio is 
2.9:1.  
 
Equation 4: 8NaOH(aq) + 6MgCl2(aq) + 2Na(AlOH)4(aq) + 
Na2CO3(aq) → Mg6Al2(OH)16(CO3)·4H2O(s) + 12NaCl(aq) 
 
As the concentration of aluminium approaches 0 mg/L 
(occurs at the inflection point) the magnesium concentration 
starts to increase significantly, confirming the formation of 
hydrotalcite and the significant role that Mg2+ plays in the 
neutralisation process. The absence of aluminium in solution 
after the inflection point (pH) shows hydrotalcite to be stable 
at the end of the neutralisation process. 
 
Conductivity measurements show multiple steps occurring 
during the neutralisation process (Fig. 4). The rapid decline in 
conductivity at the beginning of the curve (up to 30mL of 
seawater) is proposed to be associated with the decreasing 
concentration of NaOH as hydrotalcite and Mg2Al(OH)7 
forms. In contrast, the slow and steady decrease in pH at the 
beginning of the neutralisation process indicates a buffering 
agent, such as carbonate. Even though CaCO3 is shown to 
form during the initial stage of neutralisation, it’s not until 
Mg2Al(OH)7 and hydrotalcite forms that the removal of 
carbonate alkalinity is observed as a rapid decrease in pH. 
Numerous fluctuations in the conductivity curve are due to the 
multiple reactions involved in the dissolution of Mg2Al(OH)7, 
the formation of additional hydrotalcite and CaCO3, and ion 
exchange reactions occurring in the hydrotalcite interlayer. 
After the inflection point (pH), the conductivity slowly 
increases due to NaCl and other ions in seawater that are no 
longer reacting to form precipitates.  
 
C. Neutralisation efficiency 
The efficiencies of the neutralisation process for seawater 
and the two membrane filtered seawater samples are provided 
in Figure 5. It is clear from Fig. 5 that the membrane filtered 
seawater samples performed more efficiently compared to 
untreated seawater. This can be accounted for by the increased 
Mg2+ and Ca2+ in nanofiltered sweater (4450 and 1427 mg/L) 
and reverse osmosis seawater (2788 and 981 mg/L) compared 
to untreated seawater (1425 and 468 mg/L). The neutralisation 
process is almost proportional to the total concentration of 
Mg2+ and Ca2+ cations, which are used up in the formation of 
hydrotalcite and CaCO3, with Mg2+ precipitates having the 
greatest neutralisation capacity. It is proposed that the 
mechanisms involved for the different seawater sources 
remains relatively the same with only minor variations in the 
ratio of hydrotalcite forming and the quantities of aragonite 
and calcite. However, for all seawater sources aluminium is 
exhausted and a final pH of approximately 9.25 is obtained.  
D. Advantages of membrane filtered seawater 
Alternative seawater sources for the neutralisation of 
alumina wastewater have the potential to improve the waste 
management program currently adopted based on a number of 
environmental, social and economic issues.  As the cost of 
production increases, due to lower grade bauxite ore being 
processed, it is necessary to find more affordable and 
environmentally friendly alternatives to ensure the 
sustainability of the industry.  
 
The greatest economic value in using membrane filtered 
seawater is the reduced volume required to achieve the same 
degree of neutralisation. Currently, large amounts of seawater 
are required (15 to 20 times the volume of red mud to be 
neutralised) to achieve the environmental standards required 
for red mud to be safely disposed in tailing dams, while the 
magnesium and calcium depleted seawater is discharged back 
to sea [25]. By doubling the concentration of magnesium and 
calcium in nanofiltered seawater results in an approximate 
50% reduction in volume required to achieve the same 
neutralisation capacity as seawater. Reverse osmosis seawater 
would also show significant reductions in the volumes of 
seawater required. These membrane filtered seawaters 
increase the neutralising capacity per volume of neutralising 
reagent.  
 
These reductions in time and volume translate into 
increased productivity with reduced infrastructure costs. Each 
alumina refinery has unique operating and cost structures and 
it is acknowledged that the capital costs for NF and RO 
seawater will be higher than direct feed seawater plants, 
however in a greenfield development significant savings are 
possible through reduced sizing of downstream residue  
infrastructure and footprint, as well as reduced power 
associated with pumping costs. For a brown field expansion to 
existing plants, upstream processing capacity can be increased 
without the need to proportionally increase the footprint and 
infrastructure associated with the tailings circuit, such as 
piping, reaction vessels, thickeners and clarifiers, as well as 
the associated costs of pumping throughout the plant and 
discharge.  
 
The installation of a nanofiltered or reverse osmosis plant 
onsite is the only new investment required, however the 
advantages of using membrane filtered seawater would 
outweigh these initial implementation costs when considering 
that 120 million tons of residue is currently being produced 
annually. The capital costs can be further reduced if a 
desalination plant is located within the vicinity of the alumina 
refinery and the two industries operate synergistically by 
sharing in the capital investment and the alumina refinery 
receiving the desalination plant’s brine discharge stream. The 
total economic advantages is case specific, however it is 
proposed that the majority of alumina refineries using the 
seawater neutralisation process would benefit from the 
implementation of this technology. The report by Taylor et. 
al., [16] provides more detail on the economic advantages of 
using membrane technology in the seawater neutralisation 
process.  
 
Apart from the visible effects of tailings on the landscape, 
the major ecological impact of industry is water pollution 
arising from discharge that causes adverse effects in aquatic 
ecosystems. The alumina industry commonly discharges 
treated effluent into rivers and estuaries. Determining the 
eventual fate and effect of tailings discharge in coastal 
environments and biota is a highly dynamic proposition that 
requires interdisciplinary evaluation, however reducing the 
amount of discharge is always going to improve/minimise 
environmental impacts.  
 
Nanofiltered seawater has a clear environmental advantage 
over reverse osmosis, in respects to the neutralised bauxite 
residue has a lower salt content making it more suitable for 
land rehabilitation and reclamation programs. However, 
reverse osmosis does produce potable grade water reducing 
draw down from traditional supplies. 
 
CONCLUSIONS 
This investigation has shown that the reaction mechanisms 
responsible for the neutralisation of alumina wastewater are 
highly similar for all seawater sources, with only minor 
variations in hydrotalcite and calcium carbonate crystal 
structures being observed. These changes do not appear to have 
any significant influence on the overall stability of the 
neutralisation precipitates during or at the end of the 
neutralisation process. XRD data indicates the presence of 
hydrotalcite, calcite, aragonite and halite as the major 
mineralogical phases involved in the process, with 
Mg2Al(OH)7  also observed above pH 12.5. Various 
fluctuations in conductivity measurements throughout the 
neutralisation process indicate that a number of 
dissolution/formation steps are occurring. Another important 
finding is the appearance of a direct correlation between the 
concentration of magnesium and calcium on the efficiency of 
the neutralisation process. This investigation has determined 
that a number of reactions are responsible for the overall 
neutralisation process; however estimations can be made about 
neutralisation efficiency using the magnesium and calcium 
concentration.  
The similarity of the mechanisms and precipitates formed 
for alternative seawater sources indicates their suitability in 
current applications that use the seawater neutralised process. 
Nanofiltered seawater performs better than both reverse 
osmosis and untreated seawater and carries the associated 
benefit of lower salt content in the neutralised products, for this 
reason it is suggested to be the optimal feed source for seawater 
neutralisation of bauxite residues. 
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